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==========================

Ionizing radiation (IR) generates reactive oxygen species (ROS) and disrupts the structure of chemical bonds. Absorbed energy of IR causes ionization of different atoms and molecules, comprising H~2~O and essential macromolecules such as DNA and membrane lipids.\[[@ref1][@ref2]\] The harmful role of IR is mainly due to ROS, including superoxide radical (O~2~°^−^), hydroxyl radical (OH°), and hydrogen peroxide generated by the decomposition of water.\[[@ref3]\] ROS play significant role in many physiological and pathological reactions that may cause injury or disease. IR can increase production of ROS through interaction with water molecules, activation of redox system, and inhibition of antioxidant enzymes.\[[@ref4]\] The lung is a radiosensitive organ and one of the organs commonly affected by ROS.

Radiotherapy (RT) is commonly applied as a part of cancer treatment, and it is assessed that more than half of all cancer patients will receive RT.\[[@ref5]\] The lung is irradiated in patients with thoracic-region tumors that include breasts, lung, esophagus, lymphomas, and other mediastinal neoplasms.\[[@ref6]\] Lung injuries are classified into two phases. The first (early) phase is named radiation pneumonitis (acute syndrome). According to histopathological evaluation, acute syndrome evidenced by loss of Type I pneumocytes, alveolar capillary congestion, increased capillary permeability, inflammatory cell accumulation, and interstitial edema in the alveolar space. These injuries reveal at approximately 1--6 months after RT in 10%--15% of patients who received chest region irradiation.\[[@ref7][@ref8][@ref9][@ref10]\] According to histopathological changes in this phase, the first symptom of a lung injury is extensive alveolar damage.\[[@ref11]\] The second or latent phase (chronic syndrome) is pulmonary fibrosis that occurs months to years after RT. The pathologic findings in pulmonary fibrosis characterized by excessive accumulation of extracellular matrix (ECM) and reshaping of the lung structure.\[[@ref12]\] Pulmonary fibrosis is the repair process of pneumonitis radiation that usually develops with the loss of capillaries, thickened alveolar septa, and obliteration of the alveolar space.\[[@ref10]\] Mast cells are immune effectors involved in allergic and hypersensitivity reactions that are actively implicated in a number of physiological and pathological situations, varying from normal wound healing and host defense to tissue inflammation and tumor growth.\[[@ref13][@ref14][@ref15]\] Pathologically, mast cells contribute to alveolitis development through the secretion of chemokines and cytokines that serve to recruit inflammatory cells.\[[@ref16][@ref17]\]

In spite of improving the clinical RT treatment planning and delivery technologies, there is a considerable toxicity of RT for normal tissues.\[[@ref18]\] To attain optimum treatment, the normal tissues should be protected against radiation damage. Thus, radioprotective compounds are essential in clinical RT.\[[@ref19]\] Among varieties of radioprotectors, most failed because of their toxicity and side effects. The search for radioprotectors with less toxicity has motivated interest in the development of natural products that prevent damaging effects of IR and have some proven therapeutic advantages.\[[@ref20]\]

Hesperidin (HES) (hesperetin-7-rhamnoglucoside), a flavanone glycoside, is a member of the flavonoids. Flavonoids are a family of natural polyphenolic structures that are found in fruits and vegetables. HES is the major flavonoids that discovered in sweet orange and lemon. In immature oranges, it has up to 14% of the weight of the fruit.\[[@ref21][@ref22]\] HES has been reported to exert a wide range of pharmacological effects, which include anticarcinogenic, antiallergic, vasoprotective, hypolipidemic, antioxidant, and anti-inflammatory actions.\[[@ref23][@ref24]\] These biological effects of HES are mainly associated with their antioxidant properties. Histopathologically, several investigations have demonstrated that HES has radioprotective effect against normal tissues exposed to RT.\[[@ref25][@ref26][@ref27][@ref28]\] This study was performed to evaluate the protective effect of HES against γ-irradiation-induced acute and chronic lung injury in male Sprague--Dawley rats.

M[aterials and]{.smallcaps} M[ethods]{.smallcaps} {#sec1-2}
=================================================

Animals {#sec2-1}
-------

In this study, chemical materials including HES (CAS registry number: 520-26-3) and phosphate-buffered saline tablet (PBS) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Healthy adult male Sprague--Dawley rats were purchased from the Center for Comparative and Experimental Medicine, Shiraz University of Medical Sciences (SUMS), Shiraz, Iran. The rats weighed around 220 ± 5 g and were housed in accordance with particular practices described in "The Guide for The Care and Use of Laboratory Animals" arranged by SUMS in the university animal house. The practices involved some specific measures which include as follows: characteristics of animal natural life in captivity situation, using spacious cages, preparing appropriate ventilation and light, handling with care, giving standard pellet diet and water *ad libitum*, etc. All the animals were housed in certain circumstances including temperature (23 ± 2°C), humidity (55% ±5%), and light (12 h of light and dark cycle). Besides, four animals were separately housed together in polypropylene cages containing sterile husk bedding during the experiments, and this study was conducted based on the instructions issued by the SUMS' Ethical Committee.

Animal exposure {#sec2-2}
---------------

Rats were anesthetized before exposing to radiation using ketamine at a dose of 80 mg/kg and xylazine at a dose of 5 mg/kg with an intraperitoneal injection. Accordingly, the rats were immobilized in the supine position by taping the extremities on a well-ventilated plexiglass container. A cobalt-60 γ-radiation source (Theratron Phoenix, Canada) was used to irradiate the animals in the Department of RT, Nemazee Teaching Hospital, Shiraz, Iran. In three groups, simultaneously, the anesthetized rats were irradiated locally on the thorax. The source-to-skin distance was 55 cm with a dose rate of 300 mGy/min at room temperature. The rats were irradiated with a single dose of 18 Gy γ-rays. In fact, this dose was selected according to the results published by Tahamtan *et al*., in which they declared that a single dose of 18 Gy develops considerable radiation lung injury.\[[@ref29]\]

HES was dissolved in PBS (pH 7.6) and then administered orally using a ball-tipped needle for seven consecutive days before exposure to γ-irradiation. In addition, the drug was freshly prepared every day. Dose of 100 mg/kg was selected for this study based on the previous reports by Rezaeyan *et al*., Hosseinimehr and Nemati, and Pradeep *et al*. They have shown that 100 mg/kg has protective effect against radiation-induced damage in lung, heart, liver, kidney and bone marrow.\[[@ref30][@ref31]\] To prepare this dose, 22 mg of HES was dissolved in 2 ml of PBS.

Experimental design {#sec2-3}
-------------------

In this course of action, 50 male rats were randomly separated into three groups. Group 1 (sham): Fourteen rats were earmarked as controls which only received PBS for 7 days. Group 2 (RT): Eighteen rats received PBS for 7 days and exposed to γ-irradiation 1 h after the last dose of PBS. Group 3 (HES + RT): Eighteen rats were treated with HES for 7 days and exposed to γ-irradiation 1 h after the last dose of HES. After the last administration of PBS at the 7^th^ day, like rats in RT and HES + RT groups, the rats of sham group were anesthetized. In each group, eight rats were sacrificed 24 h after RT for acute histopathological evaluation. Moreover, 26 animals remained (sham = 6, RT = 10, and HES + RT = 10) were sacrificed 8 weeks after RT for chronic histopathological evaluation.

Histopathological evaluation {#sec2-4}
----------------------------

Rats were anesthetized with ketamine and xylazine. After extracting the lungs from the chest, tissue was fixed, infused with 10% neutral-buffered formalin introduced through the airways, and then laid into paraffin. Whole-mount sections of the lungs were cut (5 µm), processed, and stained with H and E, Masson\'s trichrome (MTC), and acid-fast (AF). All the histological works were performed at the Unit of Pathology, Faghihee Teaching Hospital, Shiraz, Iran. The blinded histopathological evaluation was carried out using the light microscope (Olympus BX41TF, Japan). Semi-quantitative scoring of each variable was performed by a histopathologist using the following scales: (1) No change, (2) mild, (3) moderate, and (4) severe injury. In the acute phase, the descriptive items for radiation-induced lung injuries were as follows: Presence of neutrophils, macrophages, lymphocytes and incidence of inflammation, erythrocytes (red blood cell \[RBC\]), hyaline arteriosclerosis, vascular thickness, alveolar thickness, and collapse. On the other hand, those of chronic phase included the presence of macrophages, neutrophils, and lymphocytes; incidence of inflammation, alveolar thickness, vascular thickness, pulmonary edema, thrombosis and pulmonary fibrosis; and presence of mast cells. Sections were stained using H and E for general tissue characterization.\[[@ref32]\] Moreover, collagen accumulation was assessed by preparing tissue sections with MTC stain.\[[@ref33][@ref34]\] The AF stain was used to evaluate mast cells.\[[@ref35][@ref36]\] The lung index was calculated as lung index = (lung weight/body weight) ×100.

Statistical analysis {#sec2-5}
--------------------

In this study, data were analyzed using a commercially available statistical software package (SPSS^®^ for Windows v. 19, Chicago, IL, USA). Histopathological evaluations were analyzed by the Pearson Chi-square test and a pair-wise comparison with Mann--Whitney. Furthermore, to evaluate the body weight, lung weight, and lung index, a one-way ANOVA test with *post hoc* Tukey honestly significant difference was performed. The survival rate was evaluated with Kaplan--Meier method. The results are presented as mean ± standard deviation. We considered *P* \< 0.05 as statistically significant difference.

R[esults]{.smallcaps} {#sec1-3}
=====================

Physical examination and survival rate {#sec2-6}
--------------------------------------

[Figure 1](#F1){ref-type="fig"} and [Table 1](#T1){ref-type="table"} illustrate the results of the survival rate, body weights, lung weights, and lung indexes of control versus experimental rats evaluated 8 weeks after local-thorax irradiation. Before irradiation, rats were preadministered with 100 mg/kg/d of HES for seven consecutive days, and then, monitoring was done to observe their reaction daily and bimonthly. The results showed that the rats received 18 Gy radiation exhibited symptoms of discomfort which was characterized by reduction not only in physical activity but also in uptake of food and water. Besides, the radiation-exposed groups showed symptoms of radiation sickness such as irritability, ruffling of hair, weight loss, emaciation, and epilation. On the contrary, those rats which were preadministered with HES had reduced symptoms of radiation sickness and significantly enhanced physical activity, body weight, and survival rate.

![Dose-dependent effect of hesperidin on the survival rate of rats observed for an experimental duration of 60 days. Sham group: Six rats out of six were survived. Radiotherapy group: Four rats out of ten survived. Hesperidin + radiotherapy group: Seven rats out of ten survived.](JMP-42-25-g001){#F1}

###### 

Effect of hesperidin treatment on body weight, lung weight, and lung index of rats exposed to γ-irradiation

![](JMP-42-25-g002)

Histopathological examination {#sec2-7}
-----------------------------

### Acute phase {#sec3-1}

At 24 h postirradiation, the sham, RT, and HES + RT groups were evaluated through histopathological observation of the lung sections \[[Figure 2](#F2){ref-type="fig"}\]. Meanwhile, the descriptive factors examined include the presence of neutrophils, macrophages, and lymphocytes and incidence of inflammation, erythrocytes (RBC), hyaline arteriosclerosis, vascular thickness, alveolar thickness, and collapse. According to the results, between-group analysis demonstrated only a significant difference in the inflammation, lymphocyte, macrophage, and neutrophil (*P* = 0.001, *P* = 0.009, *P* = 0.001, *P* = 0.001, respectively). Between-group analysis was performed by a pair-wise comparison with Mann--Whitney test and *P* \< 0.05, which indicates a significant difference \[[Table 2](#T2){ref-type="table"}\]. The results indicated significant increases in inflammation, lymphocyte, macrophage, and neutrophil frequency in RT group when compared with sham group (*P* = 0.001). In the HES + RT group, treatment with HES contributed a decrease in these factors to near normal values when compared to RT group (*P* = 0.003, *P* = 0.017, *P* = 0.001, *P* = 0.001, respectively).

![Histopathological investigation of the radioprotective effects of hesperidin and radiation damage in the acute phase (24 h). (a) Sham: Alveolar space, bronchioles, and vascular bed are seen normal. (b) Radiotherapy: Severe interstitial inflammation and pulmonary edema is seen. (c) Radiotherapy: Severe inflammation of bronchial wall is seen with destruction of bronchus. (d) Hesperidin + radiotherapy: Mild inflammation was observed. The arrows indicate an accumulation of lymphocyte, macrophages, and neutrophils in lung tissue (H and E, ×100).](JMP-42-25-g003){#F2}
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Effect of hesperidin treatment at 24 h postirradiation on histopathological factors in the lung tissue of rats

![](JMP-42-25-g004)

### Chronic phase {#sec3-2}

With respect to the lung sections in the sham, RT, and HES + RT groups at 8 weeks after radiation, histopathological evaluations were conducted to characterize the chronic changes in lung tissues after RT \[Figures [3](#F3){ref-type="fig"}--[5](#F5){ref-type="fig"}\]. The descriptive factors examined were the presence of macrophages, lymphocytes, and neutrophils (inflammatory cells), incidence of inflammation, alveolar thickness, vascular thickness, pulmonary edema, thrombosis, pulmonary fibrosis, and infiltration of mast cells.

![Histopathological investigation of the radioprotective effects of hesperidin and radiation damage in the chronic phase (8 weeks). (A and a) Sham: Alveolar space, bronchioles, and vascular bed are seen normal. (B and b) Radiotherapy: Acute inflammation in the alveolar space, thickening of alveolar and pulmonary edema is seen with polymorphonuclear leukocyte (neutrophils accumulation). (C and c) Hesperidin + radiotherapy: Mild inflammation was observed. The yellow frame shows a magnification of ×400. (H and E, ABC: Magnification ×100, abc: Magnification ×400).](JMP-42-25-g005){#F3}

![Histopathological investigation of the radioprotective effects of hesperidin and radiation damage in the chronic phase (8 weeks). (A and a) Sham: Alveolar space, bronchioles and vascular bed are seen normal. (B and b) Radiotherapy: Acute collagen deposition is seen. (C and c) Hesperidin + radiotherapy: Deposition of collagen is seen as mild. Collagen deposition is seen light blue. The yellow frame shows a magnification of ×400. (Massonæs trichrome staining, ABC: Magnification ×100, abc: Magnification ×400).](JMP-42-25-g006){#F4}

![Histopathological investigation of the radioprotective effects of hesperidin and radiation damage in the chronic phase (8 weeks). (A and a) Sham: Alveolar space, bronchioles and vascular bed are seen normal. (B and b) Radiotherapy: Acute mast cells infiltration is seen. (C and c) Hesperidin + radiotherapy: Infiltration of mast cells is seen as mild. Mast cells are seen dark blue points. The yellow frame shows a magnification of ×400. (Acid-fast staining, ABC: Magnification ×100, abc: Magnification ×400).](JMP-42-25-g007){#F5}

The statistical results of the left lung were found to be as follows: A significant difference between groups was observed in the presence of inflammatory cells, incidence of inflammation, alveolar thickness, vascular thickness, and pulmonary fibrosis, and presence of mast cells, but with the exception of pulmonary edema and thrombosis. The pair-wise comparison was performed in the experimental groups \[[Table 3](#T3){ref-type="table"}\]. Compared to the sham group, the radiation-induced lung injury factors were significant in the RT group (*P* \< 0.05). A majority of factors such as frequency of inflammatory cells and mast cells and the incidence of inflammation, pulmonary fibrosis, alveolar thickness, and vascular thickness increased in irradiated lungs as compared to the sham group. Pulmonary edema and thrombosis signs were not found in the left lung of each group. The administration of HES before radiation reduced the vascular damage (*P* = 0.013) and the incidence of fibrosis (*P* = 0.012), inflammation (*P* = 0.006), frequency of mast cell (*P* = 0.033), macrophage (*P* = 0.001), lymphocyte (*P* = 0.026), and neutrophil (*P* = 0.013) in the HES + RT group when compared to RT group, but no significant difference was observed for vascular thickness (*P* \> 0.05). Besides, except lymphocyte, pulmonary edema, and thrombosis, a significant difference was spotted for these factors to compare between the groups of HES + RT and sham.

###### 

Effect of hesperidin treatment at 8 weeks postirradiation on histopathological factors in the lung tissue of rats

![](JMP-42-25-g008)

In the right lung, according to the results, a significant difference between groups was found in all of the mentioned histopathological factors (*P* \< 0.05). To pair-wise comparison in the groups of radiation and control, all of these factors showed a significant difference (*P* \< 0.05) \[[Table 3](#T3){ref-type="table"}\]. To pair-wise comparison in the groups of HES + R and radiation, the HES administration reduced signs of pulmonary fibrosis (*P* = 0.005), alveolar thickness (*P* = 0.016), pulmonary edema (*P* = 0.004), thrombosis (*P* = 0.001), mast cells (*P* = 0.003), inflammation (*P* \< 0.001), and inflammatory cells (*P* \< 0.05). As similar to the left lung, HES cannot reduce vascular thickness (*P* = 0.698). In addition, comparing the groups of HES + R and control, a significant difference was observed for these factors except for lymphocyte, inflammation, pulmonary edema, and thrombosis (*P* \> 0.05). Overall, in the radiation group, the microscopic results and statistical analysis show histopathological damage in the left lung lesser than the right lung. Further, in the HES + R group, HES treatment reduced lung injury in the left lung more than the right lung, except lymphocyte and inflammation.

D[iscussion]{.smallcaps} {#sec1-4}
========================

Radiation-induced tissue damage is mediated generally by either direct attack on the genetic material or by generating ROS by the radiolysis of water (activation of redox systems and inhibition of antioxidant system) that assault the cellular macromolecules. Lung tissue damage includes damage to endothelial cells by increasing the permeability, edema, and fibrin accumulation of ECM. These changes are associated with an inflammatory response, including accumulation and activation of macrophage, inflammatory cells, chemokines, cytokines, and endothelial--leukocyte adhesion molecules that are attached to the damaged area or involved in inflammation.\[[@ref8]\] Since ROS play the main role in radiation toxicity, administration of antioxidants may be important for patients who have experienced RT to deter normal tissues from damages.

Animals receiving higher doses of radiation are usually reported to exhibit signs of radiation sickness.\[[@ref37]\] In this study, rats that received 18 Gy of γ-irradiation showed signs of discomfort, characterized by a decreased physical activity, and decreased uptake of food and water. In contrast, the rats that were treated with HES showed reduced signs of radiation sickness and appeared normal. Treatment with HES showed for 7 days significantly improved their body weight and lung weight. This result is very important because it is an important side effect in lung radiation adversely impacts nutritional intake which accounts for fatigue and weakness of patients. Therefore, it is established beyond doubt that malnutrition reduces treatment probability, survival, and quality of life.\[[@ref38][@ref39][@ref40]\]

Radiation-induced inflammatory response is related to various cellular and molecular pathways. Molecular pathways including exudation of several cytokines such as tumor necrosis factor-α, interferon-γ, transforming growth factor-β, interleukin-1 (IL-1), IL-6, and IL-8. These cytokines increase expression of MAPKs, NF-κB, NADPH oxidase, inducible nitric oxide synthase (iNOS), and cyclooxygenase-2. NADPH oxidase is generated by neutrophils and iNOS is induced by macrophages.\[[@ref41]\] Inflammatory response in the lung tissue is described by vascular thickness change, leukocytes infiltration, and increased number of macrophages, neutrophils, and lymphocytes. On the other hand, pieces of evidence indicated that mast cells have been involved in inflammation and have been associated with early and delayed radiation damages, including tissue remodeling and fibrosis.\[[@ref42][@ref43]\] Preclinical reports on the role of mast cells in radiation injury show that these cells were associated with radiation fibrosis and collagen deposition in the lung tissue of rat.\[[@ref44][@ref45]\]

In this investigation, radiation increased the counts of macrophages, neutrophils, and lymphocytes and that resulted in the occurrence of inflammation at 24 h postirradiation \[[Table 2](#T2){ref-type="table"}\]. Supplementation with HES before irradiation reduces inflammatory cells including macrophages, neutrophils, and lymphocytes resulting in reduced inflammation \[[Figure 2](#F2){ref-type="fig"}\]. This reveals HES can decrease acute inflammatory pathways induced by exposure to γ-radiation. In the RT group, histopathological evaluation of the lung sections at 8 weeks after irradiation showed an increase in inflammation, fibrosis, alveolar thickness, vascular thickness, pulmonary edema, and number of mast cells and inflammatory cells \[[Table 3](#T3){ref-type="table"}\]. The pulmonary edema and thrombosis signs were not found in the left lung of radiation group. In the left lung of radiation group, histopathological damage is lesser than the right lung. Supplementation with HES before radiation could reduce inflammation, fibrosis, and number of mast cells, inflammatory cells, alveolar thickness, pulmonary edema, and thrombosis significantly \[Figures [3](#F3){ref-type="fig"}--[5](#F5){ref-type="fig"}\]. Furthermore, reduction of vascular thickness was not significant. Overall, in the HES + R group, HES treatment reduced lung injury in the left lung more than the right lung, except lymphocyte and inflammation.

According to previous studies, oral administration of HES can reduce γ-radiation-induced damage in the lung tissue of rats. HES acts by scavenging free radicals and by maintaining intracellular superoxide dismutase (SOD) and glutathione levels, thereby preventing lipid peroxidation and tissue damage.\[[@ref28]\] In another similar study, the irradiation of the whole thorax of the rats with 18 Gy, a single dose of X-ray resulted in oxidative stress and histopathological changes in the heart tissue. The early oxidative stress is associated with the increased malondialdehyde level and decreased SOD enzyme activity. Long-term changes such as inflammation, fibrosis, increased mast cells and macrophages, plaque, vascular leakage and myocardial degeneration were observed in both right and left ventricles. Preadministration of HES is used to ameliorate oxidative stress, histopathological changes, and subsequent cell death after radiation treatment, which can cause the increased risk of heart diseases during years after RT.\[[@ref27]\] Some studies showed HES supplement reduces oxidative and pathologic damages induced by IR in the liver, heart, and kidney.\[[@ref25][@ref26][@ref31]\]

These investigations show that HES ameliorates inflammation signs including reduction of macrophages accumulation specially. Macrophages have a major role in acute and chronic inflammation and oxidative stress in lung tissues. Hence, administration of supplements that alleviate of macrophage activity can be advantageous. HES also has been reported to exert a protective effect on lung tissues that include modulated expression of pro-inflammatory cytokines and chemokines, reduction of polymorphonuclear neutrophils secretion in the airway, and improved pulmonary edema and lung morphology. HES effectively reduces pulmonary vascular permeability and leads to ameliorate pulmonary edema.\[[@ref46]\] Hence, HES may protect the integrity of the alveolar membrane, resulting in the prevention of the infiltration of mast cells, and significantly improves lung morphology. Thus, HES has anti-inflammatory and specific protective effects against inflammatory disorders which are done through a mechanism involving the antioxidant activity of free radicals.

C[onclusions]{.smallcaps} {#sec1-5}
=========================

It is known that HES has pharmacological effects including antioxidant, anti-inflammatory, and anticarcinogenic actions. The present study indicates that HES significantly diminishes γ-radiation-induced damage in the lung tissues of rats. It seems that HES may be used as a natural radioprotector with anti-inflammatory and antioxidant functions to prevent oxidative stress caused by IR in a short-term after irradiation and acute and chronic inflammation of lung tissue. Based on the results of this study, it is concluded that HES can be a candidate for treating and preventing radiation-induced damage to the tissues, particularly for patients undergoing RT. However, additional investigations are needed to understand the molecular and cellular mechanisms associated with the radioprotective properties of HES in the lungs.
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